Abstract: The focusing property of immersed plasmonic nanolenses was theoretically studied by a rigorous electromagnetic numerical analysis method. The immersed plasmonic nanolens consists of a through central hole surrounded by a set of concentric slits with a period of plasmonic wavelength. The computational results show that the focusing property of immersed plasmonic nanolenses is, in general, similar to that of traditional immersion lenses. Normally, for the given incident wavelength, the higher the refractive index of the immersed medium, the smaller the focusing spot. For different wavelengths, the focusing property of immersed plasmonic nanolenses shows the similar focusing property, in comparison with traditional lenses, as well. A focal length of around half of the incident wavelength and the smallest focusing spot of less than a quarter of the incident wavelength have been achieved. The physical explanation of the different focusing behavior of immersed nanolenses is also given. The reported immersed plasmonic nanolens with a quasi-far-field focal length, as well as a superfocusing spot, can find applications in areas including nanolithography, data storage, super-resolution imaging, and so on.
Introduction
In recent years, plasmonic nanostructures have gained lots of interests from researchers with regard to their great potential applications in super-resolution imaging, data storage, near-field microscopy, sensing, and nanolithography [1] - [7] . As a result, some new effects in plasmonics have been discovered and benefited a variety of research fields [8] - [14] . Recently, the Talbot effect from plasmonic nanolenses has been studied under the illumination of radially polarized light condition, and it is shown that the formed focusing spot has surpassed the diffraction limit [10] . In order to obtain focal spots with dimensions far less than the diffraction limited, the focusing property of the plasmonic nanolenses immersed in different media illuminated by a radially polarized light with different wavelengths was computationally studied in this paper. The results show that immersed plasmonic nanolenses have the superior focusing property that follows the similar rule in comparison with traditional lenses.
Structure Description and Simulation Setup
As shown in Fig. 1 , we considered the Ag-, Au-, and Al-based nanolenses with thickness of d ¼ 100 nm, an on-axis hole of sp =4 in diameter surrounded by a set of five periodic concentric rings with a lattice constant of Ã ¼ sp , and ring width w ¼ sp =4. Here, sp stands for the surface plasmonic wavelength. The concentric ring slits are etched through into the metal film, and the slits are filled with the immersion medium. The reason why we choose the ring width as sp =4 is because the sidelobes of the focusing spot of the plasmonic nanolens can be effectively suppressed, whereas the total transmitted E-field intensity can still be maintained strong enough [1] . Different from previous study, the designed plasmonic nanolens is immersed in the same medium, which means that, in the model, the media before and after the nanolens are identical. The immersion media we considered here are air, SiO 2 , Al 2 O 3 , and H 2 O.
The light source being used here is a Z-normal radially polarized Gaussian beam, and the beamwidth in the X-direction is equal to that in the Y-direction, which was designed to be 10 sp . As for nanolithography, UV light is normally used. Therefore, in this article, UV light sources with wavelengths of 248, 365, and 442 nm were chosen as the incident light sources. The axis of symmetry of the slits coincides with the optical axis of the incident radially polarized beam. Intensity of the incident light propagating along the positive Z-direction was assumed to be 1 in the calculation. A rigorous finite-difference and time-domain (FDTD) algorithm was employed in the computational numerical simulation. In our 3-D numerical simulations, simulation time was set as 150 fs and mesh sizes of Áx, Áy, and Áz were generated by the software (FDTD solutions, Lumerical) to make sure the grid number in the nanostructure is an integer. The perfectly matched layer boundary condition was applied at the simulation boundaries. Fig. 2(a)-(d) shows the E-field distribution of Ag-based nanolenses in different media for in ¼ 248 nm on a Y-Z plane at X ¼ 0. Four different immersion media, i.e., air, SiO 2 , Al 2 O 3 , and H 2 O were used as the immersion materials, and their refractive indices for in ¼ 248 nm are 1.0003, 1.50841, 1.834, and 1.36288, respectively. As can be seen, there is only one focal region located at around half of the incident wavelength position after the exit plane ðZ ¼ 0 mÞ of the Ag-filmbased nanolens and the focal depth is rather long, i.e., in . The reason why focal spot falls into the quasi-far-field region can be explained in terms of the weak coupling of the propagating wave with the metallic slit cavity resonance mode [7] , [15] . As the refractive indices of the immersed media here are all much greater than the plasmon resonance frequency, therefore the excited surface plasmon wave is quite weak so that the propagating wave is possible to go relatively farther. It should also be noted that the plasmonic nanolenses studied here are unlike those plasmonic nanolenses that have focal lengths equal to a few wavelengths in terms of the structure as well as the focusing mechanism [16] . On one side, those plasmonic nanolenses have no central hole and have corrugations on both sides of the metal film. On the other side, the focusing spots of those plasmonic nanolenses are formed by constructive interference of far-field radiation of surface plasmon polaritons (SPPs) generated on the back side of the lenses without contributions from other waves. However, in our case, there are central holes and through slits in plasmonic nanolenses, and the focal spots are formed with the contribution from both the propagating wave and the SPPs. Fig. 3 shows the electric field distribution in the Z-direction at X ¼ Y ¼ 0. As can be seen clearly, there is only one peak transmission after the exit plane ðZ ¼ 0 mÞ of the Ag-film-based nanolens. Specifically, the intensity of the focal point has the strongest intensity when the nanolens is immersed in air, and the calculated maximum intensity of 2.5 is attributed to the local enhanced extraordinary transmission contributed from strong coupling between SPP wave and propagating wave through the slits. However, the peak values of the focusing spots in other media are at the scale of G 0.5, which means stronger absorption or higher reflection of UV light in those immersed media exists. The size of the focusing spots follows the traditional case, i.e., the higher the refractive index of the immersed medium, the smaller the focusing spot. The smallest focusing spot appears in Al 2 O 3 , which is 60 nm, i.e., G in =4. However, the anomalous phenomenon happens for the focusing distance, which does not follow the traditional case any more. For the traditional case, the higher the refractive index of the immersed medium, the shorter the focal length. For the plasmonic nanolenses studied here, the shortest focal distance is 120 nm, which appears in H 2 O and corresponds to an F # of 0.13 and a numerical aperture of 1.33. The longest focal distance is 160 nm, which appears in Al 2 O 3 and corresponds to an F # of 0.21 and a numerical aperture of 1.834. This means that the immersed medium with the highest refractive index does have the highest numerical aperture and the corresponding smallest focusing spot. This also follows the traditional lens situation. However, the anomalous focal length property can be explained in terms of the different plasmonic wavelengths in different immersed media and the different apertures of the plasmonic nanolens. To further compare their focusing properties, the intensity profiles of the focal spots at the corresponding focal positions of Z ¼ 0:148, 0.124, 0.131, and 0.162 m for air, H 2 O, SiO 2 , and Al 2 O 3 , respectively, are presented in Fig. 4 . The diameters at the site of full-width at half-maximum (FWHM) of the focusing spot are 98, 72, 68, and 60 nm for air, H 2 O, SiO 2 , and Al 2 O 3 immersion, respectively. After analyzing the properties of the intensity profiles, it can be seen that the minimum round beam spot ðFWHM ¼ 60 nmÞ is obtained when the nanolens is immersed in Al 2 O 3 , which is less than a quarter of in (248 nm) and suggesting the resolving power has surpassed the diffraction limit. The maximum focusing spot (FWHM ¼ 98 nm) is obtained when the nanolens is immersed in air. This trend seems follow the rule of the traditional lens very well. For traditional lenses, the higher the refractive index of the immersed medium, the smaller the focusing spot. Here, for plasmonic nanolens, it is the same. However, unlike the traditional lenses, the smallest focusing spot does not correspond to the shortest focal distance. This can be explained from the aspect of the plasmonic wavelength. As we know, for different immersed media, the plasmonic wavelength is different. Specifically for the immersed nanolenses studied here, the plasmonic wavelength is sp 2 , and Al 2 O 3 , respectively. As can be seen, in this case, the higher the refractive index of the immersed medium, the smaller the focal spot. This totally follows the rule of traditional lenses.
Results and Discussions
By using the same method, the Au-and Al-based plasmonic nanolenses immersed in different media for in ¼ 248 nm were analyzed. Fig. 5 shows the E-field distribution of Al-based nanolenses in different media for in ¼ 248 nm on a Y-Z plane at X ¼ 0. As clearly shown in Fig. 5 , there is no focusing spot in the quasi-far-field area for the Al-based plasmonic nanolens, which means the focusing surface plasmonic wave is strictly confined on the surface of the nanolens and cannot propagate away like the case shown in Fig. 2 . The reason why Al-based nanolenses behave differently in comparison with Ag-based nanolenses can be attributed to the much stronger coupling of the propagating wave with the metallic slit cavity mode. In that the refractive indices of the immersed media are smaller or closer to the plasmon resonant wavelength, the surface plasmon resonance in the slit cavity is quite stronger. As shown in Fig. 5 , the strongest E-field intensity that is as high as tenfolds can be obtained. Compared with Ag-based plasmonic nanolenses where surface plasmon resonance is relative weaker, the transmitted E-field of Al-based nanolenses is apparently locally enhanced in the near field. Whereas for Au-based plasmonic nanolenses, the result is similar to the Ag-based plasmonic nanolens case; therefore, the E-field distribution is not shown here. Table 1 To further study the focusing property of immersed plasmonic nanolenses, the conditions for different incident wavelengths, 365 and 442 nm, were also analyzed. The calculation results indicate that, for these two wavelengths, both the Ag-and Al-based plasmonic nanolenses cannot obtain the quasi-far-field focusing spots, and the transmitted light field is strictly confined on the interface of the metal/dielectric like that of the Al-based nanolens at the 248-nm incident wavelength. Again, the different behavior of plasmonic nanolenses at these two wavelengths can be explained in terms of the coupling degree of the propagating wave and the metallic slit cavity mode. Therefore, only the summary of the focusing property of the Au-based plasmonic nanolens for wavelengths of 365 and 442 nm is listed in Table 1 .
For cases of in ¼ 365 and 442 nm, the focusing property of the immersed nanolens is similar to that of the case in ¼ 248 nm. In general, the focusing spot of the immersed nanolens follows the same rule with the traditional lens. That is, the higher the refractive index of the medium is, the smaller the focal spot is. The minimum focal spot obtained for in ¼ 365 and 442 nm is 80 and 97 nm, respectively. Again, the focusing spots are less than a quarter of incident wavelength, and this means the diffraction limit has been broken. In comparison with in ¼ 248 nm case, the E-field intensity of the focusing spot for both cases is nearly unit, which means a strong local enhanced field transmission has been achieved.
Summary
In summary, the immersed plasmonic nanolens shows the similar focusing property in comparison with the traditional lens. Normally, for the same incident wavelength, the higher the refractive index of the immersed medium, the smaller the focusing spot. For different wavelengths, the focusing property of plasmonic nanolens shows the similar focusing property in comparison with the traditional lens as well. Moreover, it is found that, for longer wavelengths, the local field enhancing phenomenon becomes pronouncing. However, it should be noted that the conclusion reported in this article only applies when the diameter of the plasmonic nanolens changes accordingly when the immersion medium and the incident wavelength change. This is because the plasmonic wavelength will be changed when those related physical parameters are changed. Finally, it is found that the best performing immersed plasmonic nanolens has an FWHM of as small as in =4 for the focal spot falling in the quasi-far field and an elongated focal depth of in , which will make the plasmonic nanolens very promising for nanolithography in that the relatively long working distance and focal depth will make the process easier to control. Of course, it can also find potential applications in data storage, super-resolution imaging, and others.
